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Recently, synthesis of polymers with well-defined structures has beeen of 
interest in polymer chemistry. Many of academic and industrial researches are 
focused on living polymerization techniques such as cationic, anionic and ring 
opening polymerization. Since radical polymerization is one of the major 
industrial method to produce polymers, living radical polymerization has ben a 
developing technique. Molecular weight and molecular weight distribution 
affects the properties of final polymer. From that point of wiev it is important to 
gain control over radical polymerization. One of the most promising methods in 
the field of controlled radical polymerization is atom transfer radical 
polymerization (ATRP). In ATRP an alkyl halide generates radicals by the 
continuous redox reaction provided by a transition metal complex. Oxygen is 
known to stop radical polymerization and typically ATRP occurs in an oxygen-
free environment. This effect of oxygen can be abolished by employing phenolic 
compounds. One of the disadvantages facing ATRP is the removal of the 
catalyst after the polymerization. A possible solution to this problem can be the 
immobilization of catalyst onto a solid support which can easily be removed and 
ideally be recycled. 
In this work, the polymerization of styrene by silica gel supported catalyst 
system in the presence of oxygen and sodium phenoxide was studied and the 
activity of the recycled catalyst was investigated.   
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STĠREN’ĠN OKSĠJEN VE SODYUM FENOKSĠT VARLIĞINDA SĠLĠKA JEL 





Polimer kimyasında, iyi tanımlanmış yapılı polimerlerin sentezi son yıllarda ilgi 
çekmiştir. Birçok akademik ve endüstriyel araştırma katyonik, anyonik ve 
halka açılması gibi yaşayan polimerizasyon yöntemleri üzerine odaklanmıştır. 
Endüstride polimer üretiminde kullanılan başlıca yöntemlerden biri de radikal 
polimerizasyondur; bu yüzden yaşayan radikal polimerizasyon gelişen bir 
teknik olmuştur. Molekül ağırlığı ve molekül ağırlığı dağılımı üretilen polimerin 
özelliklerini etkiler. Bu açıdan bakıldığında radikal polimerizasyon üzerinde 
kontrol sağlamak önem kazanmaktadır. Kontrollü radikal polimerizasyon 
yöntemleri arasında en etkili olanlarından biri atom transfer radikal 
polimerizasyonudur (ATRP). ATRP’da alkil halojenür, geçiş metal kataliz 
kompleksi tarafından sağlanan sürekli bir redoks reaksiyonu ile radikal üretir. 
Oksijenin radikal polimerizasyonu durdurduğu bilinmektedir ve genellikle 
ATRP oksijensiz ortamda gerçekleştirilir. Oksijenin bu istenmeyen etkisi fenol 
türevleri kullanılarak ortadan kaldırılabilir. ATRP’nun dezavantajlarından 
biri de polimerizasyon sonrasında katalizörün ortamdan uzaklaştırılmasıdır. 
Katalizörün ortamdan kolaylıkla uzaklaştırılması ve ideal olarak geri 
kazanılması için bir katı üzerine immobilize edilmesi, bu soruna bir çözüm 
olabilir. 
Bu çalışmada, stirenin oksijen ve sodyum fenoksit varlığında silika jel üzerine 
destekli katalizör sistemi ile polimerizasyonu gerçekleştirilmiş ve geri kazanılan 
katalizör aktiviteleri incelenmiştir.        
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SILICA GEL SUPPORTED ATOM TRANSFER RADICAL 




In recent years one of the major trends in polymer chemistry is to gain control over 
radical polymerization. Lately there has been a conspicuous growth in the 
development of new controlled radical polymerization techniques. One of these 
techniques is ATRP which is desired to produce polymers with well-defined 
structures. In ATRP an alkyl halide generates radicals by the continuous redox 
reaction provided by a transition metal catalyst complex. Typical ATRP is usually 
carried out in the absence of oxygen although there are some exceptions. There are 
such systems in which polymerization is carried out in the presence of oxygen. The 
unwanted effect of oxygen can be abolished by phenolic compounds. By using 
phenolic derivatives polymerization can be carried out under oxygen. As ATRP has 
simple experimental conditions it also has some disadvantages. The catalyst has to be 
removed after the polymerization. This is usually done by passing the polymer 
solution through a column. This filtration process is time demanding and some 
catalyst can be lost. In order to overcome this problem catalyst can be immobilized 
on a solid support which can be easily removed without tedious procedures. And 
ideally the supported can be recycled  for further polymerizations. 
In this work polymerization of styrene mediated by CuCl2/amine catalyst and PhONa 
in the presence of oxygen was studied. The catalyst complex was supported onto 












STĠREN’ĠN OKSĠJEN VE SODYUM FENOKSĠT VARLIĞINDA SĠLĠKA JEL 
DESTEKLĠ ATOM TRANSFER RADĠKAL POLĠMERĠZASYONU 
ÖZET 
 
Son yıllarda radikal polimerizasyon üzerinde kontrol sağlanması büyük önem 
kazanmıĢtır. Yeni kontrollü radikal polimerizasyon tekniklerinin geliĢmesinde gözle 
görülür bir büyüme gerçekleĢmiĢtir. Bu tekniklerden biri olan atom transfer radikal 
polimerizasyonu (ATRP), iyi tanımlanmıĢ yapılı polimerler üretmek için 
geliĢtirilmiĢtir. ATRP’da alkil halojenürler bir geçiĢ metali katalizör kompleksi 
tarafından sağlanan sürekli bir redoks reaksiyonu ile radikal üretirler. Tipik bir 
ATRP genelde oksijensiz ortamda yürütülür, fakat bazı istisnalar vardır. 
Polimerizasyonun oksijenli ortamda gerçekleĢtiği sistemler de vardır. Oksijenin bu 
istenmeyen etkisi fenolik bileĢikler kullanılarak ortadan kaldırılabilir. Fenol türevleri 
ile polimerizasyon oksijenli ortamda yürütülebilir. ATRP’nun basit deney koĢullarına 
sahip olmasının yanında bazı dezavantajları da vardır. Katalizörün polimerizasyon 
sonunda ortamdan uzaklaĢtırılması gerekir. Bu iĢlem genellikle polimer çözeltisini 
kolondan geçirerek yapılır. Filtrasyon iĢlemi zaman alır ve bir miktar katalizör 
kaybedilebilir. Bu problemi ortadan kaldırmak için katalizör, uzun iĢlemler 
gerektirmeden ortamdan uzaklaĢtırılabilecek bir katı destek üzerine immobilize 
edilebilir. Desteklenen katalizör sonraki polimerizasyonlar için tekrar kullanılabilir. 
 
Bu çalıĢmada, stirenin oksijenli ortamda CuCl2/amin katalizörlü ve PhONa’li 
polimerizasyonu yapılmıĢtır. Katalizör kompleksi silika jel üzerine desteklenmiĢ ve 













A great interest in polymer chemistry has been the synthesis of polymers with well-
defined structures. There are many academic and industrial researches focused on 
living polymerization techniques such as cationic, anionic and ring opening 
polymerization.  
In recent years living radical polymerization has been a developing technique as 
radical process is one of the major industrial method to produce polymers. Molecular 
weight and molecular weight distrubution affects the properties of the final material 
in radical polymerization. From that point of view it is important to gain control over 
radical polymerization. A controlled polymerization is defined as a synthetic method 
for preparing  polymers with predetermined molecular weights,low polydispersity 
and controlled functionality. Recently there has been a rapid growth in the 
development of new controlled radical polymerization methods such as ATRP, 
Reverse Addition Fragmentation Transfer (RAFT) and Stable Free Radical 
Polymerization (SFRP). ATRP is one of the most promising methods in the field of 
controlled/living radical polymerizations 1. ATRP involves the reversible 
activation and deactivation of organic halides by redox reaction of the transition 
metal complexes and a large number of monomers can be employed in 
polymerization. It is known that oxygen stops the radical polymerizations. 
Furthermore this effect of oxygen is more in ATRP. Oxygen reacts with the 
transition metal that is used as catalyst in the system. The oxidized metal looses its 
catalytic activity and polymerization stops. In order to prevent this effect of oxygen 
phenolic compounds can be used in the polymerization. Moreover there are some 
polymerization systems where oxygen is directly used. For instance the oxidative 
polymerization of 2,6-dimethylphenol is carried out in solution under oxygen 2. 
The similarity between this oxidative polymerization and ATRP is the metal-amine 
catalyt used and the redox reaction between different transition states of this metal 
complex.
 8 
However ATRP has many advantages it also has some disadvantages.One of the 
disadvantages facing ATRP is the removal of the catalyst after the 
polymerization.This process can be time demanding and can result in some loss of 
the catalyst.Immobilization of the catalyst can be a solution to this problem.There 
has been several examples of immobilized catalyst in the literature. The immobilized 
catalyst can also be recycled for further polymerizations. 
 
In this work, the polymerization of styrene by silica gel supported catalyst system in 
the presence of oxygen and PhONa was studied and the activity of the recyled 









2. THEORETICAL PART 
2.1. Atom Transfer Radical Polymerization 
The development of new controlled radical polymerization methods has been of 
considerable interest in recent years.The major trend in all these methods is to obtain 
a rapid dynamic equilibrium between a small amount of growing free radicals and a 
large majority of dormant species. 
The living radical polymerization mediated by metal complexes so called atom 
transfer radical polymerization is one of the most widely used techniques. A general 
mechanism for ATRP is shown in Scheme 1. 
   Mt
n-Y/Ligand   
kact
kdeact







Scheme 1. Transition-Metal-Catalyzed ATRP 
The radicals are generated through a reversible redox process occuring with a rate 
constant of activation, kact , and deactivation, kdeact.. This process is catalyzed by a 
transition metal complex (Mt-Y/Ligand). Here Y can be another ligand or the 
counterion. This metal complex abstracts a halogen atom X, from a dormant species 
R-X. Thus R. is formed and polymer chains grow by the addition of these radicals to 
monomers with a rate constant of propagation kp. The equilibrium is strongly shifted 
toward the transition metal complex; therefore the radical concentration is kept low, 
termination is reduced, and monomer addition is controlled. No more than a few 
percent of the polymer chains terminate in a well-controlled ATRP. Not only reduced 
termination but also a uniform growth of all chains, that is accomplished through fast 
initiation and rapid reversible deactivation. 
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ATRP was developed by designing an appropriate catalyst (transition metal 
compound and ligands), using an initiator with the suitable structure, and adjusting 
the polymerization conditions such that the molecular weights increased linearly with 
conversion and the polydispersities were typical of a living process 3-7   
2.1.1. Components used in ATRP 
2.1.1.1. Monomers 
ATRP has been successful in polymerization of a wide variety of monomers. These 
monomers include styrenes, acrylates, and methacrylates and several other relatively 
reactive monomers such as acrylamides, vinylpyridine, and acrylonitrile.Each 
monomer has its own unique atom transfer equilibrium constant for its active and 
dormant species. In the absence of any side reactions other than radical termination 
by coupling or disproportionation, the magnitude of the equilibrium constant 
(Keq=kact/kdeact) determines the polymerization rate. If the equilibrium constant is too 
small, ATRP will not occur or will occur very slowly. In addition, too large an 
equilibrium constant will lead to a large amount of termination because of a high 
radical concentration. This will be accompanied by a large amount of deactivating 
higher oxidation state metal complex; which will shift the equilibrium toward 
dormant species and may result in the apparently slower poymerization 8. For a 
specific monomer, the concentration of propagating radicals and the rate of radical 
deactivation need to be adjusted to maintain polymerization control; because each 
monomer possesses its own intrinsic radical propagation rate. The overall position of 
the equilibrium does not only depend on the radical and the dormant species, it also 
can be adjusted by the amount and reactivity of the transition-metal catalyst added 
because ATRP is a catalytic process. 
2.1.1.2. Initiators 
In ATRP the main role of the initiator is to determine the number of growing 
polymer chains. If initiation is fast and transfer and termination negligible, then the 
number of growing chains is constant and equal to the initiator concentration. 
The theoretical molecular weight or degree of polymerization (DP) increases 




 DP = (M0/initiator0) X conversion %                                                                (2.1)   
                   
The basic requirement for a good ATRP initiator is that it should have reactivity at 
least comparable to that of the subsequently formed growing chains. This also 
indicates that not all initiators are good for all monomers. Very reactive initiators 
may produce too many radicals, which will terminate at early stages. This will reduce 
efficiency of the initiation, produce too much of the deactivator, and slow the 
process. 
Alkyl halides (RX) are typically used as initiator in ATRP. The rate of 
polymerization is first order with respect to the concentration of RX. The halide 
atom, X, must rapidly and selectively migrate between the growing chain and the 
transition-metal complex in order to obtain well-defined polymers with narrow 
molecular weight distributions. When X is either bromine or chlorine, the molecular 
weight control is the best. 
Initiation should be fast and quantitative with a good initiator. Generally, any alkyl 
halide with activating substituents on the α-carbon (e. g. Aryl, carbonyl, allyl groups) 
can be used as ATRP initiatiors. When initiating moiety is attached to 
macromolecular species, macroinitiators are formed in order to synthesize 
copolymers. 
R-X bonds can be cleaved either homolytically or heterolytically. This depends 
mostly on the initiator structure and the choice of the transition metal catalyst 9. 
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The catalyst is the most important component in ATRP since it determines the 
position of the atom transfer equilibrium and the dynamics of exchange between the 
dormant and active species. There are several pre-requisites for an efficient transition 
metal catalyst. 
 
1. The metal center must have at least two readily accessible oxidation states 
separated by one electron. 
 
2. The metal center should have reasonable affinity toward a halogen. 
 
3. The coordination sphere around the metal should be expandable upon oxidation to 
selectively accommodate a (pseudo)-halogen. 
 
4. The ligand should complex the metal relatively strongly. 
 
A number of transition metal complexes have been applied in ATRP. To generate 
growing radicals, the metal center should undergo an electron transfer reaction with 
the abstraction of a (pseudo)halogen and expansion of the coordination sphere. 
 
Currently, complexes of late and middle transition metals are most efficient catalysts 
for ATRP. Complexes of the Cu(I)/Cu(II) with nitrogen-based multidante ligand 
have been preferentially used for the controlled polymerization of a wide range of 
monomers [1,6,10-12]. In contrast, other transition metals such as Ru, Fe, Ni, Pd, and 
Rh can also be employed in ATRP. However, catalytic activity and selectivity is 
strongly ligand dependent. The main role of the ligand is to solubilize the transition-
metal salt in the organic media and to adjust the redox of the metal center for 
appropriate reactivity and dynamics for the atom transfer 13. Examples of some N-
based ligands used successfully in ATRP are shown in Table 2.2. 
 
The ideal catalyst for ATRP should be highly selective for atom transfer and should 
not participate in other reactions. It should deactivate extremely fast with diffusion-
controlled rate constants, and it should have easily tunable activation rate constants 
to meet particular requirement for specific monomers. There are several guidelines 
for an efficient ATRP catalyst. First, fast and quantitative initiation ensures that all 
polymer chains start to grow simultaneously.  
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Second, the equilibrium between the alkyl halide and the transition metal is strongly 
shifted toward the dormant species side. 
 
Table 2.2. Nitrogen containing ligands used in ATRP 
 
This equilibrium position will render most of the growing polymer chains dormant 
and produce a low radical concentration. As a result, the contribution of radical 
termination reactions to the overall polymerization is minimized. Third, fast 
deactivation of the active radicals by halogen transfer ensures that all polymer chains 
are growing at approximately the same rate, leading to a narrow molecular weight 
distribution. Fourth, relatively fast activation of the dormant polymer chains provides 
a reasonable polymerization rate. Fifth, there should be no side reactions such as β-H 
abstraction or reduction/oxidation of the radicals.  
 
It is expected that many new transition-metal complexes will be developed as very 




















ATRP can be carried out either in bulk, in solution, or in a heterogeneous system 
(e.g., emulsion, suspension). Various solvents, such as benzene, toluene, anisole, 
diphenyl ether, acetone, dimethylformamide (DMF), ethylene carbonate, alcohol, 
water, carbon dioxide, and many others, have been used for different monomers. A 
solvent is sometimes necessary, especially when the obtained polymer is insoluble in 
its monomer. Several factors affect the solvent choice. The chain transfer to solvent 
should be minimal. In addition, interactions between solvent and the catalytic system 
should be considered. The possibility that the structure of the catalyst may change in 
different solvents should also be taken into consideration 9. 
 
2.1.1.5. Temperature and Reaction Time 
 
In ATRP, rate of polymerization increases with increasing temperature. This is due 
to the increase of both the radical propagation rate constant and the atom transfer 
equilibrium constant. As a result of the higher activation energy for the radical 
propagation than for the radical termination, higher kp/kt ratios and better control 
may be observed at higher temperatures. The optimal temperature depends mostly on 
the monomer, the catalyst, and the targeted molecular weight. 
 
At high monomer conversions, the rate of propagation slows down considerably; 
however, the rate of any side reaction does not change significantly, as most of them 
are monomer concentration independent. Prolonged reaction times leading to nearly 
complete monomer conversion may not increase the polydispersity of the final 
polymer but will induce loss of end groups 14.  
 




The kinetics of ATRP will be explained using copper-mediated ATRP as an 
example. According to Scheme 1, using the assumption that contribution of 
termination becomes insignificant and a fast equilibrium occurs, that is necessary for 






Rp= kp[M] [P*] = kpKeq[M] [I]0 x [Cu(I)]/ [X-Cu(II)]                                            (2.2) 
                  
Figure 1 shows a typical linear variation of conversion with time in semilogarithmic 
coordinates. Such a behavior indicates that there is constant concentration of active 
species in the polymerization and first-order kinetics with respect to monomer. 
However, since termination occurs continuously, the concentration of the Cu(II) 
species increases and deviation from linearity may be observed. This may be due to 
an excess of the Cu(II) species present initially, a chain length-dependent termination 
rate coefficient, and heterogeneity of the reaction system due to limited solubility of 
the copper complexes. It is also possible that self-initiation may continuously 
produce radicals and compensate for termination 15,16. 
 
Figure 2.1. Schematic representation of the dependence of the conversion on time in 
linear and semilogarithmic coordinates. 
 
In the atom transfer step, a reactive organic radical is generated along with a stable 
Cu(II) species that can be regarded as a persistent metalloradical. If the initial 
concentration of deactivator Cu(II) in the polymerization is not sufficiently large to 
ensure a fast rate of deactivation (kdeact[Cu(II)], then coupling of the organic radicals 
will occur, leading to an increase in the Cu(II) concentration. Radical termination 
occurs rapidly until a sufficient amount of deactivator Cu(II) is formed and the 
radical concentration becomes low enough. Under such conditions, the rate at which 
radicals combine will become much slower than the rate at which radicals react with 
the copper(II) complex in a deactivation process and a controlled/”living” 






Typically, a small fraction of the total growing polymer chains will be terminated 
during the early stage of polymerization, but the majority of the chains will continue 
to grow successfully 9. 
 
2.1.2.2. Molecular weight 
 
The average molecular weight of the polymer in ATRP can be predetermined by the 
ratio of consumed monomer and the initiator (DPn = M/I0. DP = degree of 
polymerization). Precise control over the chemistry and the structure of the initiator 
and active end group allows for the synthesis of end-functionalized polymers and 
block copolymers. Well-defined polymers with molecular weights ranging from 
1000 to 150000 have been successfully synthesized. If kp and the concentrations of 
initiator and deactivator are known, the rate constant of deactivation can be 
calculated from the evolution of polydispersities with conversion. 
 
Mw/Mn = 1+(RX0kp/kdeactD) ((2/p)-1)                                                                (2.3)  






2.1.2.3. Molecular weight distribution 
 
The molecular weight distribution or polydispersity (Mw/Mn) is the index of the 
polymer chain-length distribution. Polydispersity is usually less than 1.10 in a well-
controlled ATRP. Equation 2.3 holds for conditions when initiator is completely 
consumed and degrees of polymerization are sufficiently high. 
For the same monomer, a catalyst that deactivates the growing chains faster will 
result in polymers with lower polydispersities. Alternatively, polydispersities should 
decrease with an increasing concentration of deactivator, although at the cost of 
slower polymerization rates. Other predictions from equation 2.3 include higher 
polydispersities for shorter chains (higher RX0) and a decrease of the polydispersity 
with increasing monomer conversion. 
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2.2. Immobilization of catalyst in ATRP 
Although ATRP is very useful for synthesizing functional polymers, there are some 
limitations such as the presence of transition metal catalyst which should be removed 
after polymerization. High concentration of catalyst has to be used due to low 
catalytic efficiency. Usually the ratio of initiator-to-catalyst is 1:1 that means one 
catalyst molecule mediating one polymer chain. Metal halide content is about 0.1-1% 
(molar) of the monomer which means a high catalyst residual. This residual catalyst 
deeply colors the final product. Thus upon completion of polymerization additional 
purification which involves filtration of polymer solution through alumina or silica 
gel is required. Other techniques can also be used to remove the catalyst, including 
treatment with MeOH, Na2S, or an ion-exchange resin 17. These tedious 
procedures can result in not only loss of catalyst but also an in increase in cost. 
Immobilizing the catalytic system on a solid support which can be easily seperated 
from the final product can be a solution to this predicament. Moreover the supported 
catalyst can ideally be recycled. There are many examples of immobilized ATRP 
catalysts in the literature. ATRP catalysts immobilized on silica, cross-linked 
polystyrene beads, or attached to polymer chains provide an efficient way of 
separating and recycling the catalyst. However, these techniques offer limited control 
over the polymerization of vinyl monomers, originating from the heteregeneous 
nature of the process. Insufficient deactivation rates of the growing radical, which 
result from the slow diffusion of the polymer chains to the immobilized deactivator 
complexes, lead to a much higher molecular weight and broader molecular weight 
distribution than in homogeneous systems. To overcome this diffusion limitation, a 
small amount of soluble catalyst was used along with an immobilized catalyst in a 
“hybrid” catalyst system. A small amount of the low molecular weight catalyst exists 
in the solution phase to accelerate the deactivation process of the growing radical and 
reduce the diffusion barrier 18-23.   
 
Recently, ruthenium(II) catalyst supported onto amine-functionalized silica gel was 
successfully used for the heteregeneous ATRP of methyl methacrylate (MMA), 




The copper bromide-hexamethyltriethylenetetramine (HMTETA) complex was an 
excellent catalyst for the ATRP of MMA, (dimethylamino)ethyl methacrylate 
(DMAEMA), styrene (St), and methyl acrylate (MA) 12,24,25. During the ATRP 
posttreatment, the catalyst complex was removed by passing the polymer-catalyst 
mixture solution through silica gel. The blue color from the catalyst complex was 
retained at the very top layer of the silica gel in the column. This suggested that the 
copper halide-HMTETA complex strongly adsorbed onto the silica gel. Therefore the 
catalyst complex is supported onto silica gel by simple adsorption for ATRP 26,27. 
Compared to grafting methods 18,19, this adsorption is much simplier and does not 
require special chemicals or tedious procedures. The supported catalysts were 
recycled two or three times with good retention of the catalyst activities. The 
controllability of the catalyst systems over the polymer molecular weight was even 
improved after recycling 22.   
 
Another approach to catalyst recycling is regeneration of catalyst. Zhu showed that 
the regenerated recycled catalyst showed higher activity than the recycled catalyst 
without regeneration and lower activity than the fresh catalyst 28. The regenerated 
catalyst mediated a first-order polymerization with respect to the monomer. The 
molecular weights of PMMA from the regenerated catalyst were very close to the 
predicted values, with low polydispersities similar to those from the fresh catalyst. 
2.3. Oxidative coupling polymerization of phenols 
The oxidative polymerization of phenols catalyzed by a metal complex is an efficient 
method to produce phenolic polymers[29-31]. The reaction conditions are moderate 
and the only by-product is H2O. Lately, catalytic oxidative polymerization of 2,6-
unsubstituted phenols leading to poly(1,4-phenylene oxide) (PPO) has been of 
interest since poly(phenylene oxide)s are useful materials for engineering 
thermoplastic applications. 
 
Oxidative coupling polymerization is often the preferred method to synthesize 
poly(phenylene oxide)s. The copper-catalyzed oxidation of 2,6-dimethylphenol to 
PPO was first reported by Hay in 1959 [32]. Since then, a number of transition metal 
catalyzed systems have been reported. Catalyst for oxidative polymerizations are 
usually composed of a transition metal salt and a base.  
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Molecular oxygen is normally the oxidizing agent. The transition metal is usually 
copper and manganese, although other metals, such as cobalt, are also active [33]. 
Copper-catalyst systems often contain a copper halide and either an aliphatic or 
heterocyclic amine   [32,34,35]. 
 
In the preparation of high molecular weight 2,6-di-substituted-1,4-phenylene ethers, 
a  2,6-di-substituted phenol is employed in the reaction and carried out at room 
temperature by merely passing oxygen through a solution of phenol in an organic 
solvent containing an amine and a copper(I) salt as a catalyst. If the substituent 
groups are small, carbon-oxygen coupling occurs and linear polyphenylene ethers are 
obtained. With bulky groups carbon-carbon coupling occurs and the diphenoquinone 




















                                                                             diphenoquinone  
 
                                                                                                                Scheme 2 
 
 
A variety of mechanisms have been proposed for the oxidative coupling 
polymerization of phenols [36]. The mechanism of oxidative coupling 
polymerization of phenols involving the catalytic cycle of copper-amine complexes 
is shown in Scheme 3. 
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Mtn+1X/L + DMP MtnX/L + PPO
DMP = 2,6- dimethylphenol
PPO  = Poly(pheneylene oxide)
O2
 L =  ligand (Amine)  
                                                    Scheme 3 
 
Although phenolic compounds are known as inhibitors and to stop radical 
polymerization, it was observed that they increased the rate of methylmethacrylate 
polymerization [37]. Unpurified monomers containing phenolic inhibitors could be 
polymerized by ATRP in the presence of oxygen [38]. In this process, a mixture of 
metals salts with their higher oxidation state and excess zero valent metals were 
used. The mechanism is shown in Scheme 4. The redox reaction between zero valent 
metal and Mt
n+1
X2 continuously produces the Mt
n
X. After consumption of the oxygen 
by insitu formed Mt
n











                            







3. EXPERIMENTAL PART 
 
3.1. Chemicals used 
 
Styrene (St, 99% Aldrich) was distilled under vacuum over CaH2. Silica gel  supplied 
by Fluka (40 mesh average pore diameter of 0.070-0.23mm) was boiled in deionized 
water for 5 hours, air dried and then vacuum dried. N, N, N’, N’, N’’- 
Pentamethyldiethylenetriamine (PMDETA, 99% Acros) was distilled over 
sodiumhydroxide. CuCl2 (Merck) and CuBr (Aldrich) were used as receieved. 
Sodiumphenoxide (PhONa) was prepared with a reaction of phenol and NaH in dry 
tetrahydrofuran. 1-chloro-1-phenyl ethane (1-PECl), methanol (Technical grade) and 
tetrahydrofuran (THF, 99.8%, J.T. Baker, HPLC grade) were used as received. 
Toluene and anisol were distilled over Na.  
 
3.2. General procedures and characterization 
 
Monomer conversion was determined using a Unicam 610 Series gas chromatograph 
equipped with a FID detector using a J&W Scientific 15m DB WAX Widebore. 





respectively. Initial column temperature is 40
 o
C, finally reaching up to 120
 o
C with 
aheating rate of 20
 o
C/min. Molecular weight and molecular weight distributions 
were determined by gel permeation chromotography (GPC) instrument. An Agilent 
Model 1100 containing a pump, a refractive index detector and four Waters Styragel 
columns HR 5E, HR 4E, HR 3, HR 2; and THF was used as eluent at a flow rate of 
0.3 mL/min at 30
o
C. Molecular weights were calibrated using polystyrene standarts. 
The Atomic Absorption Spectrometer (Perkin Elmer 3030 Ziman AA) was used to 
determine the amount of residual copper in the polymer. 
 
The experiments were carried out in a flask (approximately 14.5 ml in volume) 
equipped with a magnetic stirring bar. The experiments requiring an inert atmosphere 
(chain extension) were performed in a Schlenk tube using conventional ATRP 
techniques. 
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3.3. General procedure for polymerization 
 
St (4.5 ml, 39.3 mmol) as monomer, silica gel (0.264 g) as supporter, PMDETA 
(0.819 ml, 3.93 mmol) as ligand and CuCl2 (0.0264 g, 0.196 mmol) as metal halide 
were added in a given order to a reaction flask equipped with a magnetic stirring bar 
and mixed for five minutes. Then PhONa (0.033 g, 0.295 mmol), 1-PECl (0.0520 ml, 
0.393 mmol) as initiator and anisol which is used as internal standard for GC 
measurements were added. Flask was closed with rubber septum and immersed into 




Samples were taken at given time intervals under nitrogen in order to determine the 
monomer conversion. Samples were diluted with THF, then conversion was 
measured by GC. Upon completion of the polymerization the flask was cooled and 
the reaction mixture was diluted with toluene. The suspension was filtered through a 
PTFE filter (0.45m pore size). The remaining solid was taken and used for further 
polymerization. 
 
The same experimental procedure was followed for the polymerization of st without 
silica gel. 
 
3.4. General procedure for catalyst recycle 
 
The filtered solid was vacuum dried in order to be used for following 
polymerizations. The dried solid, monomer and ligand were addded in same reaction 
flask and mixed for five minutes. Then again PhONa, 1-PECl and anisol were added 
to the reaction mixture. The same experimental procedure was repeated as mentioned 
above. 
 
3.5. Procedure for chain extension polymerization 
 
The polystyrene macroinitiator (Mn = 8600, Mw/Mn = 1.15) was prepared by the 
polymerization technique mentioned above. Polystyrene macroinitiotor (0.5 g), st 
(3.3 ml, 28.8 mmol), CuBr (0.0083 g, 0.0838 mmol) and PMDETA (0.0121 mL, 
0,058 mmol) were added in a given order to a Schlenk tube. Oxygen was removed by 
three freeze-pump-thaw cycles.  
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The reaction was stirred at 110
 o
C in an oil bath. The resulting polymer mixture was 
diluted with THF, passed through alumina column, and then it was precipated into 
methanol. The polymer was dried in vacuum and molecular weights were determined 















































4. RESULTS AND DISCUSSION 
We performed the experiments in the presence of oxygen and tried to prevent the 
diradicalic effect of oxygen by using PhONa in the polymerization of styrene in bulk. 
We assumed that the polymerization is carried out by the mechanism given in 
Scheme 4.1. 










Scheme 4.1. Suggested mechanism for ATRP in the presence of oxygen and phenol 
In this reaction the first reaction is assumed to be the reduction of Cu (II) by the 
electron transfer from phenol to Cu (II). The Cu (I) can either react with organic 
halide to form propagating radical or react with oxygen to form copper salt in its 
higher oxidation state. Then it is reduced to Cu(I) by excess phenol. Regeneration of 
Cu(I) can be assumed to lead polymerization until oxygen and phenol are consumed.  
Immobilization and recycling of catalyst is one of the main challenges for the 
commercialization of ATRP. The catalyst can be immobilized on a solid support. We 
also tried to demonstrate that our catalytic system can be immobilized onto silica gel. 
When copper(II)chloride was added to styrene-silica gel-PMDETA mixture and after 
the solution was stirred it became blue. Once stirring is stopped, the blue particles 
quickly settled to the bottom of the flask and the upper layer solution became 
colorless. This shows that the catalyst complex was adsorbed onto silica gel. 
Upon addition of PhONa and 1-PECl the solution turned green. The mixture became 
viscous at 110
o
C. The results obtained from polymerization of St are shown in Figure 
4.1.  
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The ln([M]0/[M]) vs time plots are linear, indicating first order kinetics with respect 
to monomer and the constant radical concentrations. This indicates that 
polymerization proceeds without detectable termination. 
Evolution of molecular weights with conversion is shown in Figure 4.2. Molecular 
weights were higher than the calculated theoretical values assuming the quantitative 
initiation. This may be also explained by propagation being faster than initiation or 
by slow deactivation, both resulting in incomplete initiation. The polydispersities 
were rather high, slightly decreasing during the reaction. The values given in Table 
4.1 were below 1.1 at early stages but all remained lower than 1.3. 
After polymerization, the reaction mixture was diluted in toluene and filtered through 
a PTFE filter. The remaining solid was dried for further polymerization runs. The 
solution was precipitated into methanol. After filtration polymer was dried in 
vacuum. The amount of copper in that polymer was determined by atomic 
absorption. The copper content of polymer was detected by atomic absorption 
spectrometer and found to be 5.74 ppm. This indicated that the copper was adsorbed 
onto silica gel. 
Table 4.1. Polymerization of styrene in bulk at 110C   with  [St]0 / [I]0 = 100, 1-
PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  and silica gel = CuCl2 X 10 





Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
1.1 35 6  600  1100 1.09 0.54 
1.2 80 18  1900  1800 1.30 1.05 
1.3 140 36 3700  3000  1.30 1.23 
1.4 185 49 5100 4100 1.25 1.24 
1.5 230 61 6400 5400 1.19 1.19 
1.6 275 71  7400  6300 1.17 1.17 
1.7 320 79 8200 7000 1.16 1.17 
1.8 365 85  8900  7800 1.15 1.14 




















Figure 4.1. Kinetic plot for the polymerization of styrene in bulk at 110C   with  
[St]0 / [I]0 =100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  and silica 
















Figure 4.2. Evolution of Mn vs conversion for the polymerization of  styrene in bulk 
at 110C   with  [St]0 / [I]0 = 100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 
: 0.75  and silica gel = CuCl2 x 10 [St]0  8.73 M Head space volume = 8.179 mL  
 
The same experiment was repeated. As in other heteregeneous systems, the 
reproducibility is thought to be dependent on the various factors concerning 
experimental conditions. The results are shown in Figure 4.3 and 4.4.  
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Again both ln ([M]o/[M] ) vs. time and Mn vs. conversion plots are linear. When the 
entries in Table 4.1 and 4.2 are compared it is seen that the reproducibility is 
reasonable. 
Table 4.2. Polymerization of  styrene in bulk at 110C   with  [St]0 / [I]0 = 100, 1-
PECl / CuCl2 / PMDETA / PhONa = 1 : 0,5  : 10 : 0,75  and silica gel = CuCl2 x 10 




Time(min.) Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
2.1 45 14  1500  2400 1.51 0.62 
2.2 90 32  3300  3600 1.48 0.92 
2.3 135 55 5700  5300  1.36 1.07 
2.4 225 72 7500 7700 1.25 0.97 
2.5 320 81 8400 9500 1.21 0.88 
2.6 380 84  8700  10100 1.20 0.86 
2.7 440 87 9100 10600 1.19 0.86 




Figure 4.3. Kinetic plot for the polymerization of  styrene in bulk at 110C   with  
[St]0 / [I]0 = 100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  and silica 



















Figure 4.4. Evolution of Mn vs conversion for the polymerization styrene in bulk at 
110C   with  [St]0 / [I]0 = 100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 
0.75  and silica gel = CuCl2 x 10 [St]0  8.73 M Head space volume = 8.179 mL  
Figure 4.5 shows the molecular weight distributions from GPC measurements 
referring to column Mn gpc in Table 4.2. The curves are normalized, and the molecular 
weight distribution of the polymer shifted to higher molecular weight with increasing 
conversion. 
 
Figure 4.5. GPC traces from the polymerization of styrene in bulk at 110C   with  
[St]0 / [I]0 =100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  and silica 
gel = CuCl2 x 10 [St]0  8.73 M Head space volume = 8.179 mL  
 
We also performed the same experiment without silica gel. When we look at the 
entries in Table 4.3 it can be seen that the polymerization reached  high conversion in 
a short time compared to the polymerization with silica gel. Results obtained from 













Both the semilogarithmic kinetic plot and evolution of Mn vs. conversion confirm 
the control over polymerization. There is a good agreement between the 
experimental and theoretical molecular weights. The molecular weight distribution 
was around 1.2, decreasing with conversion. 
Table 4.3. Polymerization of  styrene in bulk at 110C   with  [St]0 / [I]0 = 100, 1-
PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  without silica gel  [St]0  




Time(min.) Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
3.1 60 33  3400  2900 1.47 1.17 
3.2 120 60  6200  5300 1.25 1.17 
3.3 160 68 7100  6100  1.24 1.16 
3.4 180 76 7900 7200 1.20 1.10 
3.5 215 81 8400 7900 1.20 1.06 
3.6 260 86  9000  8900 1.15 1.01 
3.7 310 88 9200 9100 1.19 1.01 
3.8 350 92  9600  9500 1.20 1.01 














Figure 4.6. Kinetic plot for the polymerization of  styrene in bulk at 110C   with 
[St]0 / [I]0 = 100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 0.75  without 
silica gel  [St]0  8.73 M Head space volume = 8.179 mL  
 
 
Figure 4.7. Evolution of Mn vs conversion for the polymerization styrene in bulk at 
110C   with  [St]0 / [I]0 = 100, 1-PECl / CuCl2 / PMDETA / PhONa = 1 : 0.5  : 10 : 
































4.1. Catalyst Recycle 
Following the first polymerization run, the catalyst particles were washed with 
toluene and dried for the second polymerization. The amount of dried catalyst was 
measured and it was seen that some catalyst was lost. Using the assumption that the 
lost amount was silica gel and copper complex, we calculated the amounts for 
monomer, amine, PhONa and initiator. Initiator to amine ratio was reduced to half, 
where all other ratios remained same. Catalyst, fresh St, and PMDETA were added 
to the flask and mixed for five minutes. Then PhONa, initiator and anisol were added 
and the system was heated again for a second polymerization cycle. The results are 
shown in Table 4.4. When entries are plotted on semilogarithmic coordinates, St 
polymerizations were still first-order kinetics in monomer (Figure 4.7), but 
polydispersities were high and the first measured molecular weight was higher than 
the following ones. This might be due to the assumption that we made for the amount 
of copper in recycled catalyst. Probably the excess amount of PhONa and amine 
caused uncontrolled polymerization during early stages when not enough deactivator 
is present. Mn vs conversion for polymerization is shown in Figure 4.8.   
 
Table 4.4 Recycle of CuCl2-PMDETA-silica gel for polymerization of  styrene in 
bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / PhONa = 1 : 5 : 0,75 . [St]0  






Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
4.1 45 19  2000  13000 1.63 0.15 
4.2 90 49  5100  7800 2.13 0.65 
4.3 150 70 7300  7900  1.99 0.92 
4.4 240 80 8300 8400 1.88 0.99 




















Figure 4.8. Kinetic plot for recycle of CuCl2-PMDETA-silica gel for polymerization 
of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / PhONa = 1 : 5 : 
















Figure 4.9. Evolution of Mn vs conversion for recycle of CuCl2-PMDETA-silica gel 
for polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA 
/ PhONa = 1 : 5 : 0.75 . [St]0  8.73 M. Head space volume = 8.179 mL 
After the second use for st polymerization, the catalyst was recycled again. Third 
polymerization was faster than the second one (Table 4.5). Again the kinetic plot was 
linear but molecular weights remained nearly constant amd the polydispersities were 





Table 4.5. Recycle of CuCl2-PMDETA-silica gel for polymerization of  styrene in 
bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / PhONa = 1 : 5 : 0.75. [St]0  




Time(min.) Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
5.1 60 48  5000  11000 2.03 0.45 
5.2 105 68  7100  9000 2.11 0.79 
5.3 135 76 7900  8200  2.21 0.96 
5.4 175 82 8500 8300 2.14 1.02 
5.5 210 84 8700 8600 2.09 1.01 
5.6 255 90  9400  9000 1.98 1.04 


















Figure 4.10. Kinetic plot for recycle of CuCl2-PMDETA-silica gel for 
polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / 
















Figure 4.11. Evolution of Mn vs conversion for recycle of CuCl2-PMDETA-silica gel 
for polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA 
/ PhONa = 1 : 5 : 0.75 . [St]0  8.73 M. Head space volume = 9.278 mL 
 
 
As we could not get controlled polymerization conditions in the second and third 
uses of recycled catalyst in polymerization runs, we tried to optimize the 
experimental conditions.  
First, we changed the I0/Amine/PhONa ratio from 1 : 5 : 0.75 to 1 : 2.5 : 0.75 with 
the recycled catalyst in the second polymerization. Table 4.5 shows the results 
obtained from this polymerization. Polymerization proceeded in a shorter time. 
Kinetic plot was linear and molecular weights increased with conversion (Figure 










Table 4.6. Recycle of CuCl2-PMDETA-silica gel for polymerization of  styrene in 
bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / PhONa = 1 : 2.5 : 0.75 . [St]0  




Time (min) Con % Mn theo Mn gpc PDI 
 Ini. 
Eff. 
6.1 45 24  2500  5200 1.87 0.48 
6.2 90 46  4800  5800 1.75 0.83 
6.3 135 55 5700  6800  1.62 0.84 
6.4 195 81 8400 8100 1.50 1.04 
6.5 225 85 8900 8900 1.43 1.00 
6.6 255 89  9300  9500 1.38 0.98 
6.7 285 91 9500 10000 1.36 0.95 
6.8 300 94  9800  10500 1.29 0.93 
 
 
Figure 4.12. Kinetic plot for recycle of CuCl2-PMDETA-silica gel for 
polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / 



















Figure 4.13. Evolution of Mn vs conversion for recycle of CuCl2-PMDETA-silica gel 
for polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA 
/ PhONa = 1 : 2.5 : 0.75 . [St]0  8.73 M. Head space volume = 8.179 mL 
Second, we changed the initiator to amine ratio. When I0/Amine/PhONa ratio is 
reduced from 1 : 2.5 : 0.75 to 1 : 1 : 0.75 in the second polymerization run, reaction 
proceeds at almost in same time period (Table 4.7). The kinetic plot is again linear 
with respect to monomer (Figure 4.13). Molecular weights increase with conversion 
except for first and second entry (Figure 4.14). This again indicates the uncontrolled 
polymerization conditions at early stages. Polydispersities were rather high and 
almost remained constant throughout the polymerization. 
Table 4.7 Recycle of CuCl2-PMDETA-silica gel for polymerization of  styrene in 
bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / PhONa = 1 : 1 : 0.75 . [St]0  
8.73 M. Head space volume = 8.179 mL 
Samp. 
No 
Time(min.) Con% Mn theo Mn gpc PDI 
 Ini. 
Eff. 
7.1 45 19  2000  11000 1.57 0.18 
7.2 90 44  4600  9800 1.66 0.47 
7.3 135 59 6100  8900  1.82 0.69 
7.4 180 78 8100 10900 1.63 0.74 
7.5 225 87 9100 11900 1.54 0.76 
7.6 270 92  9600  12800 1.52 0.75 














Figure 4.14. Kinetic plot for recycle of CuCl2-PMDETA-silica gel for 
polymerization of  styrene in bulk at 110C. [St]0 / [I]0 =100, 1-PECl / PMDETA / 
PhONa = 1 : 1 : 0.75. [St]0  8.73 M. Head space volume = 8.179 mL 
 
Figure 4.15. Evolution of Mn vs conversion for recycle of CuCl2-PMDETA-silica gel 
for polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA 
/ PhONa = 1 : 1 : 0.75 . [St]0  8.73 M. Head space volume = 8.179 mL 
 
Third, we changed the PhONa amount and reduced the I0/Amine/PhONa ratio from 1 
: 2.5 : 0.75 to 1 : 2.5 : 0.25. This change increased the reaction time (Table 4.8). But 



































Table 4.8. Recycle of CuCl2-PMDETA-silica gel for polymerization of  styrene in 
bulk at 110C. [St]0 / [I]0 =100, 1-PECl / PMDETA / PhONa = 1 : 2.5 : 0.25 . [St]0  




Time (min) Con % Mn teo Mn gpc PDI 
 Ini. 
Eff. 
8.1 45 12  1300  3600 1.84 0.30 
8.2 90 24  2500  4900 1.55 0.50 
8.3 135 34 3500  6600  1.50 0.50 
8.4 195 46 4800 6900 1.38 0.60 
8.5 225 
 
57 5900 7900 1.41 0.70 
8.6 255 69  7200  8900 1.37 0.80 
8.7 300 70 7300 10000 1.33 0.70 
8.8 360 76  7900  11000 1.29 0.70 




Figure 4.16. Kinetic plot for recycle of CuCl2-PMDETA-silica gel for 
polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA / 






















Figure 4.17. Evolution of Mn vs conversion for recycle of CuCl2-PMDETA-silica gel 
for polymerization of  styrene in bulk at 110C. [St]0 / [I]0 = 100, 1-PECl / PMDETA 
/ PhONa = 1 : 2.5 : 0.25 . [St]0  8.73M. Head space volume = 8.700 mL 
4.2. Chain Extension Polymerizations 
In order to demonstrate that the halogen is the end group of the obtained polymers, 
the chain extension polymerizations were performed. Styrene was used as monomer 
and polystyrene (Mn = 8600, Mw/Mn = 1.15) prepared by initiator system, 1-
PECL/CuCl2/PMDETA/PhONa (1/0.5/10/0.75) in bulk at 110C, was used as 
macroinitiator. Conventional ATRP techniques were used in this polymerization 
because we already knew that polymerizations in the presence of air displayed 
bimodal distribution. SEC traces of starting PS macroinitiator (a) and obtained 
















Figure 4.18. SEC traces of PS macroinitiator (a) and chain extended polymers (b) 
and (c). (a) Mn = 8600, Mw/Mn = 1.15, (b) Mn = 33000, Mw/Mn = 1.26, (c) Mn = 





















5. CONCLUSIONS AND RECOMMENDATIONS 
It is possible to carry out ATRP of styrene in the presence of oxygen and PHONa 
with catalyst immobilized on silica gel. The control over polymerization was 
improved. High conversion of monomer was achieved and measured molecular 
weights were in good agreement with theoretical molecular weights. Molecular 
weight distrubutions were narrow slightly decreasing with conversion. The 
reproducibility was also reasonable. 
The immobilized catalyst was removed by simple filtration and the copper content in 
resulting polymer was small, thus indicating that copper was bound to silica gel. 
Another attempt in this study was to recycle the catalyst for further polymerizations. 
Studies on optimizing the experimental conditions were done in order to get 
controlled polymerization conditions. The I0/Amine/PhONa ratio was tried to be 
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